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Abstract 

Spermatogenesis is a complex process of terminal differentiation by which mature sperms are generated, and it 
can be divided into three phases: mitosis, meiosis and spermiogenesis. In a previous study, we established a series 
of proteomic profiles for spermatogenesis to understand the regulation of male fertility and infertility. Here, we 
further investigated the localization and the role of flotillin-2 in spermiogenesis. Flotillin-2 expression was inves- 
tigated in the testis of male CDl mice at various developmental stages of spermatogenesis by using Western blot- 
ting, immunohistochemistry and immunofluorescence. Flotillin-2 was knocked down in vivo in three-week-old 
male mice using intratesticular injection of small inhibitory RNA (siRNA), and sperm abnormalities were assessed 
three weeks later. Flotillin-2 was expressed at high levels in male germ cells during spermatogenesis. Flotillin-2 
immunoreactivity was observed in pachytene spermatocytes as a strong dot-shaped signal and in round spermatids 
as a sickle-shaped distribution ahead of the acrosome. Immunofluorescence confirmed flotillin-2 was localized in 
front of the acrosome in round spermatids, indicating that flotillin-2 was localized to the Golgi apparatus. Knock- 
down of flotillin-2 in vivo led to a significant increase in head sperm abnormalities isolated from the cauda epidi- 
dymis, compared with control siRNA-injected testes. This study indicates that flotillin-2 is a novel Golgi-related 
protein involved in sperm acrosome biogenesis. 
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INTRODUCTION 

Spermiogenesis, which occurs in the upper lay- 
ers of the seminiferous epithelium, is the final stage 
of spermatogenesis, during which mature and motile 



spermatozoa are formed by condensation of nuclear 
chromatin, elongation of the nucleus, formation of the 
acrosome, formation of a single flagellum and loss of 
residual cytoplasm^^'^l Biogenesis of the acrosome is 
a highly orchestrated process involving the delivery 



^ These authors contributed equally to this work. 
This work was supported by a grant from the National Basic Research 
Program of China (973 Program) (No. 2011CB944301). 
Corresponding authors: Xiaoyan Huang, Ph.D, and Jiahao Sha, 
Ph.D, State Key Laboratory of Reproductive Medicine, Department 
of Histology and Embryology, Nanjing Medical University, 140 
Hanzhong Road, Nanjing, Jiangsu 210029, China. Tel/Fax: +86-025- 



86862908/+86-025-86862908, E-mail: Xiaoyan Huang: bbhxy@njmu. 
edu.cn; Jiahao Sha: shajh@njmu.edu.cn. 
The authors reported no conflict of interest. 

Available at http://elsevier.com/wps/find/journaldes-cription.cws_ 
home/723905/description#description. 

©2012 by the Journal of Biomedical Research. All rights reserved. 



Flotillin-2 is involved in acrosome biogenesis 



279 



of protein and membrane from the Golgi apparatus to 
the developing acrosome. The Golgi complex initially 
contains round small vesicles, which fuse to form a 
large acrosomal vesicle. Along with a sperm nucleus 
of variable length, acrosomal vesicles spread radially 
over one-third and, eventually, one half of the com- 
pacting nucleus. After acrosomal protein production 
is completed, the Golgi apparatus separates from the 
acrosomal vesicle and begins to migrate to the caudal 
portion of elongating spermatids. Finally, the Golgi 
saccules appear to be destined for use in the cytoplas- 
mic droplet^^'^l 

The Golgi apparatus is a very important organelle 
in acrosome formation. At present, four Golgi proteins 
have been reported in pachytene spermatocytes and 
round elongating spermatids, including giantin, p-coat 
protein (P-COP), Golgin-97 and Golgin-95/GM130. 
These proteins are also detected in the membranes 
surrounding the acrosome until the late cap-step sper- 
matid stage, and finally are shed in the cytoplasmic 
droplet^^'^'^^. In addition, many other Golgi-related 
proteins have been identified to be continuously ex- 
pressed during acrosome biogenesis, including Golgi- 
associated PDZ- and coiled-coil motif-containing 
protein (GOPC), Golgin A3 (G0LGA3), translin- 
associated factor X (TRAX) and spermatogenesis as- 
sociated 16 (SPATA16)^^'^^l However, the mechanism 
where Golgi-derived proacrosomal vesicles are mobi- 
lized toward a precise site during acrosome biogenesis 
is not wholly understood^^^l 

In our previous studies, we used different pro- 
teomic technologies to obtain a global view of protein 
expression in whole mouse and human testes^^^'^^l 
Subsequently, the whole-protein expression profiles of 
different germ cells, including tetraploid and haploid 
germ cells, were characterized^^^'^^l These investiga- 
tions have established a series of proteomic profiles 
associated with spermatogenesis and produced several 
important protein lists, which have helped to under- 
stand the regulation of male fertility and infertility ^^^l 
Based on literature and the specificity of available 
antibodies, we chose several proteins from these lists 
for further investigation. Flotillin-2 is one such pro- 
tein, and a high quality antibody is available which 
recognizes a single 48 kDa band in the mouse testis. 
In this study, we explored whether flotillin-2 was a 
novel Golgi-related protein involved in acrosome bio- 
genesis and normal spermiogenesis. We identified that 
flotillin-2 was located ahead of the acrosome during 
spermiogenesis, and that knockdown of flotillin-2 ex- 
pression led to abnormal sperm head morphology. 



MATERIALS AND METHODS 

Animals and cell culture 

Male CD-I mice (0 d/4 d/1 w/10 d/2 w/3 w/4 w/5 w 
old and adult) were obtained from the Animal Center 
of Nanjing Medical University (Nanjing, Jiangsu, 
China). All experiments were performed in accord- 
ance with the protocols approved by the Institutional 
Animal Care and Use Committee and followed the 
Guide for the Care and Use of Laboratory Animal of 
Nanjing Medical University. 

The immortalized mouse spermatocyte cell line 
(GC2-spd; CRL-2196) was purchased from Ameri- 
can Type Culture Collection (ATCC; Manassas, VA, 
USA) and cultured in Dulbecco's modified Eagle's 
medium (DMEM; Gibco BRL, Grand Island, NY, 
USA) at 37°C in a 5% CO2 atmosphere. 

Sample preparation and protein extraction 

The testes from male CD-I mice were solubilized 
in lysis buffer [7 mol/L urea, 2 mol/L thiourea, 4% (W/ 
V) CHAPS, and 2% (\W) DTT] in the presence of 1% 
(W/V) protease inhibitor cocktail (Pierce Biotechnol- 
ogy, Rockford, IL, USA), and then homogenized and 
sonicated. The mixture was placed on a shaker at 4°C 
for 1 h, and insoluble matter was removed by centrif- 
ugation at 40,000 g for 1 h at 4°C. GC2-spd cells were 
solubilized in lysis buffer. The protein concentration 
of each sample was determined by the Bradford Pro- 
tein Assay^^^^ using bovine serum albumin (BSA) as a 
standard. 

Western blot analysis 

Samples containing 100 |ig protein were electro- 
phoresed on 12% SDS polyacrylamide gels, trans- 
ferred to PVDF membranes (GE Healthcare, San 
Francisco, CA, USA), blocked in TBS contain- 
ing 5% non-fat milk powder for 1 h and incubated 
overnight with anti-flotillin-2 (Sigma, St. Louis, 
MO, USA) and anti-p-tubulin (Abeam, Cambridge, 
MA, USA) antibodies in TBS containing 5% non-fat 
milk powder. The expression of p-tubulin was used 
as a loading control. The membranes were washed, 
incubated for 1 h with horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit IgG (Beijing 
Zhongshan Biotechnology Co., Beijing, China) and 
the protein bands were detected using the enhanced 
chemiluminescence (ECL) Western Blotting detec- 
tion kit and AlphalmagerTM (GE Healthcare, San 
Francisco, CA, USA). 
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Immunohistochemistry 

Bouin's solution-fixed paraffin-embedded sections 
from mouse testis were immunostained as previously 
described^^^l In brief, after quenching endogenous 
peroxidase activity, the sections were blocked us- 
ing blocking serum and incubated overnight at 4°C 
with anti-flotillin-2 antibody, and then incubated with 
HRP-conjugated secondary antibody (Beijing Zhong- 
Shan Biotechnology). Immunoreactivity was visual- 
ized (brown) using diaminobenzidine and the sections 
were mounted for bright field microscopy (ZEISS 
Fluorescent Microsystems, Gottingen, Germany). To 
confirm the specificity of flotillin-2 antibody, negative 
controls were processed in an identical manner; howev- 
er, the primary antibody was replaced with normal IgG. 

Indirect immunofluorescence 

Mouse testis sections were deparaffinized twice 
in xylene for 15 min, rehydrated using a descend- 
ing gradient ethanol series and washed twice with 
triple-distilled water for 5 min. Antigen retrieval was 
performed using 2% EDTA solution, and the sec- 
tions were blocked in blocking serum for 2 h at room 
temperature, incubated overnight with primary flotil- 
lin-2 antibody (1:300) at 4°C and then incubated with 
FITC-labeled secondary antibody (1:200; Beijing 
Zhongshan Biotechnology) for 1 h at room tempera- 
ture. Negative controls were prepared by replacing the 
primary antibody with normal rabbit IgG (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). Finally, the 
acrosome was stained using 1 |ig/mL peanut aggluti- 
nin (PNA; L3766; Sigma, St. Louis, MO, USA) for 2 
h at room temperature. The slides were washed three 
times for 5 min with PBS and the nuclei were stained 
with 5 |ig/mL Hoechst (H33342; Sigma) for 30 s. 

Intratesticular injection of siRNA against 
flotillin-2 

Double-stranded Stealth siRNAs against flotillin-2 
(Invitrogen; Catalog No. MSS204353, MSS204354 
and MSS204355) were diluted to a final concentration 
of 20 |iM and stored at -20°C. According to Invitro- 
gen "s instructions, the efficiency of flotillin-2 knock- 
down by the three siRNAs was verified in GC-2-spd 
cells at 72 h using Western blotting, and the highest 
efficiency siRNA (MSS204354) was used for all in 
vivo studies. 

Intratesticular injections were performed as previ- 
ously described^^^'^^l Briefly, 3-week old male mice 
were anesthetized with sodium pentobarbital, and then 
the testes were exteriorized through an approximately 
5 mm midline abdominal incision. Approximately 



3-5 |LiL of siRNA mixed with indicator (0.4% trypan 
blue) was injected into the seminiferous tubules via 
rete testis injection. Control testes were injected with 
a negative control siRNA (Invitrogen; Catalog No. 
12935-400). After injection, the testes were replaced 
in the abdomen, the incisions were sutured and the 
mice were allowed to recover and housed for another 
3 weeks before euthanasia and classification of epidi- 
dymal sperm morphology. To verify the efficiency of 
RNAi in vivo, flotillin-2 protein expression was quan- 
tified by Western blotting analysis of seminiferous 
tubule lysate 48 h after injection of siRNA. 

Epididymal sperm morphology classification 

Three w after injection of siRNAs, spermatozoa 
were collected from the cauda epididymis, and then 
spread on slides, fixed in 4% paraformaldehyde, 
and stained with hematoxylin and eosin (H&E) 
and 1 |ig/mL PNA for 2 h at room temperature before 
morphological observation. Deformities were classi- 
fied as previously described^^'^l Acrosome abnormali- 
ties were assessed using PNA staining. Differences be- 
tween the groups were evaluated using Student's t test. 
P values less than 0.05 were considered significant. 

RESULTS 

The expression of flotillin-2 during mouse 
spermatogenesis 

In a previous proteomic study, we identified a se- 
ries of proteins involved in mouse spermatogenesis, 
including flotillin-2. Firstly, we verified the expres- 
sion of flotillin-2 in adult mouse testis using Western 
blotting. Flotillin-2 was detected as a 48 kDa band 
in mouse adult testis (Fig, 1). In order to explore 
the expression of flotillin-2 during the first wave of 
spermatogenesis, we used proteins isolated from the 
testis of 0, 1, 2, 3, 4 and 5 weeks old mice. We ob- 
served that flotillin-2 was expressed throughout the 
first wave of spermatogenesis while the expression 
level was decreased along with the increase of age 
(Fig. 1\ 

Ow Iw 2w 3w 4w 5w Adult 
Flotillin-2 

Tubulin ^^^^J^^^H^n-^M^fltaMMMM^ 

Fig. 1 Western blotting analysis of flotillin-2 protein 
expression at different developmental stages in the 
mouse testis. Flotillin-2 is expressed in the testis during the 
first wave of spermatogenesis. Similar results were observed in 
triplicate experiments. 
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The localization of flotillin-2 during mouse 
spermatogenesis 

To understand biological function of flotillin-2 
during mouse spermatogenesis, we determined the 
localization of flotillin-2 in adult mouse testis using 
immunohistochemistry. Flotillin-2 was expressed 
in germ cells during spermiogenesis, and was ob- 
served at high levels in pachytene spermatocytes as 
a strong dot-shaped signal and also in round sper- 
matids as a sickle-shaped distribution in the acro- 
some (Fig, 2). 

At d 4, there were only spermatogonia and Sertoli 
cells in seminiferous tubules and then primary sper- 



matocytes were present at d 10 of development. Three 
weeks signified the onset of spermiogenesis and by 4 
weeks, elongating spermatids were observed^^^'^^l In 
order to investigate the precise localization of flotil- 
lin-2, we analyzed testis from 4 d, 10 d, 3 weeks and 4 
weeks old mice using immunohistochemistry. Spema- 
togonia in the testis of 4 d old mice and primary sper- 
matocytes in the testis of 10 d old mice displayed weak 
flotillin-2 immunoreactivity. A flotillin-2 dot-shaped 
immunoreactive signal was obvious in the pachytene 
spermatocytes of 3 weeks old mice. As round sperma- 
tids appeared, the signal elongated ahead of the acro- 
some. Flotillin-2 immunoreactivity was similar in the 
testis of 4 weeks old mice and adult mice {Fig, 2). 




m 




Fig, 2 Immunohistochemical localization of flotillin-2 in the mouse testis at different developmental stages. Spe- 
matogonia in the testis of 4 d (A) and primary spermatocytes in the testis of 10 d (B) old mice displayed weak flotillin-2 immunore- 
activity. A flotillin-2 dot-shaped immunoreactive signal was obvious in the pachytene spermatocytes of 3 weeks old mice (C), and as 
the round spermatids appeared, the signal elongated ahead of the acrosome. Flotillin-2 immunoreactivity was similar in the testis of 4 
weeks old mice (D) and in adult mice (E), it was observed at high levels in pachytene spermatocytes as a strong dot-shaped signal and 
also in round spermatids as a sickle-shaped distribution in the acrosome. Control (F) showed negative signal. All scale bars are 10 i^m. 



Flotillin-2 may be a Golgi-related protein 

during acrosome biogenesis 

Immunohistochemistry indicated that flotillin-2 
may be associated with acrosome biogenesis. To 
clarify the localization of flotillin-2 with respect to 
the acrosome, we used PNA to label the outer acro- 
somal membrane^^^^ and preformed indirect immun- 
ofluorescence for flotillin-2. Flotillin-2 was located 
ahead of the outer acrosomal membrane in spermatids 
undergoing acrosome biogenesis (Fig, 3 A to 3D). As 
the Golgi apparatus may be located ahead of the outer 



acrosomal membrane^^'^^\ flotillin-2 may be a Golgi- 
related protein during acrosome biogenesis. 

Knockdown of flotillin-2 during spermiogen- 
esis 

Round spermatids begin to appear in the testis of 
3 weeks old mice, which then undergo spermiogen- 
esis^^^l To further investigate the function of flotil- 
lin-2, we performed RNAi in 3 weeks old male mice 
to observe whether knockdown of flotillin-2 would 
affect sperm morphology during the first wave of 
spermiogenesis. Western blotting and immunofluo- 
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Fig, 3 Flotillin-2 is located ahead of the developing acrosome. Immunofluorescent analysis of flotillin-2 in the testis of 
adult mouse. A: Flotillin-2 (green); B: PNA (red); C: merge; D: Higher magnification image. All scale bars are 10 |im. 



rescence demonstrated that MSS204354 siRNA (No. 
2 siRNA) had the highest level of protein repression in 
GC2-spd cells at 72 h, and this siRNA was used for all 
subsequent analysis (Fig, 4A, 4B and 4C). 

The seminiferous tubules of 3 weeks old male mice 
were injected with No. 2 siRNA against flotillin-2, 
which introduced siRNA into approximately 30-40% 
of the seminiferous tubules without causing sem- 
iniferous tubule damage (Fig, 5A and SB). To further 
verify the efficiency of RNAi in vivo, we collected the 
seminiferous tubules from some mice 48 h after in- 
jection of siRNA using trypan blue staining. Western 
blotting of seminiferous tubule lysate demonstrated 
that flotillin-2 protein was consistently suppressed 48 
h after injection of siRNA (Fig, 5C and 5D), 

Equal amounts of flotillin-2 siRNA and control 
siRNA were separately injected into the paired testes 
of mice. Three w later, the sperm were collected from 
the caudal epididymis for analysis. Approximately 
18% of sperms were abnormal in the control siRNA 
group; by contrast, nearly 25% sperms were abnormal 
in flotillin-2 siRNA-treated testes (P < 0.05 control. 
Fig, 6A), We observed that a large number of sperm 
from the caudal epididymis of mice treated with flo- 
tillin-2 siRNA had abnormal heads and resembling 



irregularly shaped balls. However, these abnormali- 
ties were rarely observed in the sperm of the control 
siRNA group (Fig, 6B). The proportion of sperm head 
abnormalities increased markedly to 14.6% in the flo- 
tillin-2 siRNA group, which was significantly higher 
than that of the control siRNA group (9%, P < 0.05; 
Fig, 6A), PNA staining of abnormal sperm also dem- 
onstrated various head abnormalities. The sperm with 
abnormal heads in the flotillin-2 siRNA group also 
demonstrated acrosome abnormalities (Fig, 7 A to 7F). 

DISCUSSION 

Spermatogenesis is the process of the develop- 
ment of sperm from undifferentiated germ cells, via a 
precisely-regulated well-coordinated mechanism^^^'^^l 
In our previous research, we combined two-dimen- 
sional electrophoresis mass spectrometry (2DE-MS) 
and liquid chromatography (LC-MS) to construct a 
series of proteomic profiles of spermatogenesis. We 
also obtained a complete protein profile and protein- 
protein interaction map during testicular develop- 
ment and spermatogenesis ^^^l We selected a number 
of these proteins for further analysis, and in this study 
we investigated the localization and role of flotillin-2 
during spermatogenesis. 
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Fig, 4 Efficiency of flotillin-2 siRNAs in GC2-spd cells. Western blotting analysis(A and B) of the effect of siRNA 
(MSS204354; Invitrogen) on flotillin-2 protein expression at 72 h. The data represent an average of three independent experiments, 
and are expressed as fold changes relative to the negative control. C: Immunofluorescent analysis of the effect of siRNA (MSS204354) 
on flotillin-2 protein expression at 72 h. All scale bars are 10 |im. Similar results were observed in three independent experiments. 




Fig. 5 Efficiency of flotillin-2 siRNAs in vivo. A: Trypan blue staining was used as a marker of siRNA injection; 30-40% of 
the seminiferous tubules were injected with siRNA. B: Trypan blue staining (Red) showed siRNA injection did not lead to seminif- 
erous tubule damage. Scale bar is 10 |im. C:Western blotting analysis of flotillin-2 protein expression in 3 week old mouse testis 48 h 
after injection of flotillin-2 siRNA. D: Quantification of Western blotting analysis. Data are the mean fold change relative to the con- 
trol siRNA-injected mice from three independent experiments. 
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Fig, 6 Knockdown of flotillin-2 in vivo affects sperm 
morphology in the cauda epididymis. The testes of three 
weeks old mice were injected with flotinin-2 siRNA and sperm 
were isolated from the cauda epididymis three weeks later. 
A: Sperm abnormalities. The ratios were subjected to arcsine 
square root transformation prior to Student's t test; *P < 0.05. 
Representative images of the shape of sperm from the cauda 
epididymis of mice injected with flotillin-2 siRNA (B) or con- 
trol siRNA (C). The arrows indicate sperm with an abnormal 
shape. All scale bars are 10 |^m. Similar results were observed 
in three independent experiments. 

Flotillin-2 is enriched in membrane rafts. Miranda 
et al}^^^ reported the localization of low-density deter- 
gent-resistant membrane proteins in intact and acro- 
some-reacted mouse sperm. In their research, as been 
enriched in membrane rafts, flotillin-2 was selected to 
investigate the localization in the sperm and the be- 
havior during capacitation and the acrosome reaction. 
The results showed that the staining observed in the 
apical portion of the head before acrosome reaction 
extended along the acrosomal domain after acrosome 
reaction. This indicated that flotillin-2 may have a role 
in fertilization, such as sperm-egg membrane interac- 
tion. However, the mechanism is still unknown. Here, 



we used commercial antibody to detect the expression 
of flotillin-2 in mouse testis. The results showed that 
the antibody was very specific and only the 48 kDa 
band was detected. So we designed experiments to 
further explore the function of flotillin-2. 

Along with the ongoing experiment, the results 
showed a new excitement. In adult mouse testes, 
flotillin-2 was mainly localized in pachytene sper- 
matocytes as a strong dot-shaped signal, and was also 
observed in round spermatids as a sickle-shaped dis- 
tribution in the acrosome during spermiogenesis. A 
similar distribution of flotillin-2 was observed dur- 
ing the first wave of spermatogenesis. Therefore, we 
hypothesized that flotillin-2 is not only involved in 
sperm fertilization as indicated^^^\ but may also be 
a critical protein during spermatogenesis, especially 
spermiogenesis. Therefore, we designed experiments 
to further explore the function of flotillin-2 during 
spermiogenesis. 

Immunofluorescent analysis of flotillin-2 in con- 
junction with PNA staining demonstrated that flotil- 
lin-2 was located ahead of the acrosome, and not on 
the outer membrane of the acrosome. The pattern of 
flotillin-2 expression in the mouse testis is similar to 
other Golgi-related proteins. Moreno et alF^ inves- 
tigated dynamic acrosome biogenesis in live rhesus 
monkey spermatids, and observed that Golgi proteins 
such as Golgin-95/GM130, Golgin-97 and Golgin-160 
were distributed within a spherical shape in sperma- 
tocytes and localized over the acrosomal vesicle in 
round spermatids. Similar results were also observed 
for GM130 and Golgin-QT^'^l Therefore, the similar 
pattern of flotillin-2 expression indicates that flotil- 
lin-2 may be a novel Golgi-related protein involved in 
acrosome biogenesis. Here, we can explain why the 
expression level of flotillin-2 was decreased in adult 
mouse testis because another Golgi-related protein is 
also detected in the membranes surrounding the acro- 
some until the late cap-step spermatid stage, and fi- 
nally is shed in the cytoplasmic droplet^^'^'^l 

As an acrosome-related protein, we hypothesized 
that flotillin-2 might be involved in acrosome biogen- 
esis. We performed in vivo RNAi-mediated knock- 
down to explore the function of flotillin-2 during 
acrosome biogenesis. Transcription and translation 
almost cease during spermiogenesis, due to the proc- 
ess of histone replacement by protamine^^^'^^l When 
siRNAs are introduced into germ cells, the siRNA 
will degrade its target mRNA, inhibiting the transcrip- 
tion of new target mRNA. Thus, the protein level of 
the target gene will be reduced for a relatively long 
period^^^l We collected sperm during the first wave of 
spermatogenesis three w after injection of flotillin-2 
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Fig, 7 Knockdown of flotillin-2 in vivo induced acrosome abnormalities. Fluorescent staining of the acrosome with pea- 
nut agglutinin (red) and nuclear staining with Hoechst (blue) of normal sperm (A) and sperm with abnormal heads (B-F) from the 
Cauda epididymis of mice injected with flotillin-2 siRNA. The sperm with abnormal heads contained an abnormal acrosome. Similar 
results were observed in triplicate experiments. 
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siRNA, to analyze the effect of flotillin-2 knockdown 
on the sperm phenotype. The rate of sperm abnor- 
malities, especially head abnormalities, was signifi- 
cantly higher in the flotillin-2 siRNA-injected group 
than the control siRNA-injected group. Furthermore, 
PNA staining also demonstrated various acrosome 
abnormalities in the sperm with abnormal heads in the 
flotillin-2 siRNA-injected group. 

Flotillins, also called reggies, are evolutionarily 
well-conserved and ubiquitously expressed from Dro- 
sophila to man^^'^l They are considered to be scaffold 
proteins of lipid rafts and generally used as marker 
proteins of lipid microdomains^^^'^^l Flotillin-2 is a 
ubiquitous membrane protein which displays the typi- 
cal cold detergent resistance of raft proteins .In 
addition, flotillin-2 is also thought to function in a 
number of cellular processes, including cell signaling, 
endocytosis and interactions with the cytoskeleton^^^l 
This study suggests that flotillin-2 plays a novel func- 
tion during spermatogenesis. The localization and 
function of flotillin-2 are similar to other Golgi-asso- 
ciated proteins. Golgi-associated PDZ and coiled-coil 
motif-containing protein (GOPC) is predominantly lo- 
calized at the trans-Golgi region in round spermatids. 
Male mice in which GOPC has been disrupted are 
infertile and display acrosome fragmentation in early 
round spermatids, with apparent abnormal vesicles 
which fail to fuse in the developing acrosome^^l Hrb 
protein binds to the cytosolic surface of proacrosomal 
transporting vesicles, and lack of Hrb prevents vesi- 
cles from fusing and forming the acrosome^^^'^^^ De- 
creased expression of flotillin-2 during the first wave 
of spermatogenesis leads to acrosome abnormalities, 
suggesting that flotillin-2 may play an important role 
during acrosome biogenesis, in a similar manner to 
GOPC and Hrb. 

Acrosome biogenesis involves the transport and fu- 
sion of Golgi-derived proacrosomal vesicles to form 
an acrosome sac which is tightly bound to the nuclear 
envelope. The final shape and size of the acrosome is 
determined by vesicular transport shuttling from the 
Golgi to the acrosome^^^'^^l Although we did not de- 
tect the precise localization and mechanism of action 
of flotillin-2 during acrosome biogenesis, we predict 
that flotillin-2, as a potential novel Golgi-related pro- 
tein, may interact with other Golgi-associated proteins 
to play an important role during mouse acrosome bio- 
genesis. Further research will be conducted to explore 
the molecular mechanism of flotillin-2 during sper- 
miogenesis and fertilization. 

References 

[1] Ramalho-Santos J, Schatten G, Moreno RD. Control of 



membrane fusion during spermiogenesis and the acro- 
some reaction. Biol Reprod 2002; 67: 1043-51. 

[2] Tanaka H, Baba T. Gene expression in spermiogenesis. 
Cell Mol Life Sci 2005; 62: 344-54. 

[3] Moreno RD, Ramalho-Santos J, Chan EK, Wessel GM, 
Schatten G. The Golgi apparatus segregates from the 
lysosomal/acrosomal vesicle during rhesus spermiogen- 
esis: structural alterations. Dev Biol 2000; 219: 334-49. 

[4] Hermo L, Pelletier RM, Cyr DG, Smith CE. Surfing the 
wave, cycle, life history, and genes/proteins expressed 
by testicular germ cells. Part 2: changes in spermatid 
organelles associated with development of spermatozoa. 
Microsc Res Tech 2010; 73: 279-319. 

[5] Ramalho-Santos J, Moreno RD, Wessel GM, Chan EK, 
Schatten G. Membrane trafficking machinery compo- 
nents associated with the mammalian acrosome during 
spermiogenesis. Exp Cell Res 2001; 267: 45-60. 

[6] Moreno RD, Palomino J, Schatten G. Assembly of sper- 
matid acrosome depends on microtubule organization 
during mammalian spermiogenesis. Dev Biol 2006; 293: 
218-27. 

[7] Yao R, Ito C, Natsume Y, Sugitani Y, Yamanaka H, 
Kuretake S, et al. Lack of acrosome formation in mice 
lacking a Golgi protein, GOPC. Proc Natl Acad Sci USA 
2002; 99: 11211-6. 

[8] Matsukuma S, Kondo M, Yoshihara M, Matsuda M, Uta- 
koji T, Sutou S. Mea2/Golga3 gene is disrupted in a 
line of transgenic mice with a reciprocal translocation 
between Chromosomes 5 and 19 and is responsible for a 
defective spermatogenesis in homozygotes. Mamm Ge- 
nome 1999; 10: 1-5. 

[9] Matsuda M, Kondo M, Kashiwabara S, Yoshihara M, 
Sutou S, Matsukuma S. Co-localization of Trax and 
Mea2 in Golgi complex of pachytene spermatocytes in 
the mouse. J Histochem Cytochem 2004; 52: 1245-8. 

[10] Xu M, Xiao J, Chen J, Li J, Yin L, Zhu H, Zhou Z, Sha 
J. Identification and characterization of a novel human 
testis-specific Golgi protein, NYD-SP12. Mol Hum Re- 
prod 2003; 9: 9-17. 

[11] Kierszenbaum AL, Tres LL, Rivkin E, Kang-Decker 
N, van Deursen JM. The acroplaxome is the docking 
site of Golgi-derived myosin Va/Rab27a/b- contain- 
ing proacrosomal vesicles in wild-type and Hrb mutant 
mouse spermatids. Biol Reprod 2004; 70: 1400-10. 

[12] Zhu YF, Cui YG, Guo XJ, Wang L, Bi Y, Hu YQ, et al 
Proteomic analysis of effect of hyperthermia on sperma- 
togenesis in adult male mice. / Proteome Res 2006; 5: 
2217-25. 

[13] Guo X, Zhao C, Wang F, Zhu Y, Cui Y, Zhou Z, et al 
Investigation of human testis protein heterogeneity using 
2-dimensional electrophoresis. J Androl 2010; 31: 419-29. 

[14] Guo X, Zhang P, Qi Y, Chen W, Chen X, Zhou Z, Sha 
J. Proteomic analysis of male 4C germ cell proteins in- 
volved in mouse meiosis. Proteomics 2011; 11: 298-308. 

[15] Guo X, Shen J, Xia Z, Zhang R, Zhang P, Zhao C, et al 
Proteomic analysis of proteins involved in spermiogen- 
esis in mouse. J Proteome Res 2010; 9: 1246-56. 



Flotillin-2 is involved in acrosome biogenesis 



287 



[16] Huang XY, Sha JH. Proteomics of spermatogenesis: from 
protein lists to understanding the regulation of male fer- 
tility and infertility. Asian J Androl 2011; 13: 18-23. 

[17] Zhang J, Wu J, Huo R, Mao Y, Lu Y, Guo X, et al ERp57 
is a potential biomarker for human fertilization capabil- 
ity. Mol Hum Reprod 2007; 13: 633-9. 

[18] Ikawa M, Tergaonkar V, Ogura A, Ogonuki N, Inoue K, 
Verma IM. Restoration of spermatogenesis by lentiviral 
gene transfer: offspring from infertile mice. Proc Natl 
Acad Sci USA 2002; 99: 7524-9. 

[19] Wyrobek AJ, Bruce WR. Chemical induction of sperm 
abnormalities in mice. Proc Natl Acad Sci USA 1975; 
72: 4425-9. 

[20] Bellve AR, Cavicchia JC, Millette CF, O'Brien DA, 
Bhatnagar YM, Dym M. Spermatogeniccells of the pre- 
puberal mouse. Isolation and morphological characteri- 
zation. / Cell Biol 1977; 74: 68-85. 

[21] Huang XY, Guo XJ, Shen J, Wang YF, Chen L, Xie J, 
et al. Construction of a proteome profile and functional 
analysis of the proteins involved in the initiation of 
mouse spermatogenesis. / Proteome Res 2008; 7: 3435- 
46. 

[22] Cheng FP, Fazeli A, Voorhout WF, Marks A, Bevers 
MM, Colenbrander B. Use of peanut agglutinin to as- 
sess the acrosomal status and the zona pellucida-induced 
acrosome reaction in stallion spermatozoa. / Androl 
1996; 17: 674-82 

[23] Boeda B, Knowles PP, Briggs DC, Murray-Rust J, Soriano 
E, Garvalov BK, et al. Molecular recognition of the Tes 
L1M2-3 domains by the actin-related protein Arp7A. / 
Biol Chem 2011; 286: 11543-54. 

[24] Eddy EM. Male germ cell gene expression. Recent Prog 
Horm Res 2002; 57: 103-28. 

[25] Miranda PV, Allaire A, Sosnik J, Visconti PE. 2009. Lo- 
calization of low-density detergent-resistant membrane 
proteins in intact and acrosome-reactedmouse sperm. 



Biol Reprod 80(5): 897-904. 

[26] Steger, K. Transcriptional and translational regulation of 
gene expression in haploid spermatids. Anat Embryol 
(Bed) 1999; 199: 471-87. 

[27] Steger K. Haploid spermatids exhibit translationally re- 
pressed mRNAs. Anat Embryol (Berl) 2001; 203: 323- 
34. 

[28] Aigner A. Gene silencing through RNA interference 
(RNAi) in vivo: strategies based on the direct application 
of siRN As. J Biotechnol 2006; 124: 12-25. 

[29] Malaga-Trillo E, Laessing U, Lang DM, Meyer A, Stuer- 
mer CA. Evolution of duplicated reggie genes in ze- 
brafish and goldfish. J Mol Evol 2002; 54: 235-45. 

[30] Cross NL. Reorganization of lipid rafts during capacita- 
tion of human sperm. Biol Reprod 2004; 71: 1367-73. 

[31] van Gestel RA, Brewis lA, Ashton PR, Helms JB, Brou- 
wers JF, Gadella BM. Capacitation-dependent concen- 
tration of lipid rafts in the apical ridge head area of por- 
cine sperm cells. Mol Hum Reprod 2005; 11: 583-90. 

[32] Bickel PE, Scherer PE, Schnitzer JE, Oh P, Lisanti MP, 
Lodish HE. Flotillin and epidermal surface antigen de- 
fine a new family of caveolae-associated integral mem- 
brane proteins. J Biol Chem 1991 \ 272: 13793-802. 

[33] Bickel PE. Lipid rafts and insulin signaling. AM J Phys- 
iol Endocrinol Metab 2002; 282: El-ElO. 

[34] Otto GP, Nichols BJ. The roles of flotillin microdomains- 
-endocytosis and beyond. / Cell Sci 2011; 124(Pt 23): 
3933-40. 

[35] Kang-Decker N, Mantchev GT, Juneja SC, McNiven 
MA, van Deursen JM. Lack of acrosome formation in 
Hrb-deficient mice. Science 2001; 294: 1531-3. 

[36] Moreno RD, Ramalho-Santos J, Sutovsky P, Chan EK, 
Schatten G. Vesicular traffic and golgi apparatus dy- 
namics during mammalian spermatogenesis: implica- 
tions for acrosome architecture. Biol Reprod 2000; 63: 
89-98. 



